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Abstract 
   Zinc (Zn) is an important micronutrient in the ocean, and fixation of Zn into organic, trace 
element-rich sediments is an important contributor to Zn cycling in the ocean. Framboidal 
sulfides are considered to be the major host for Zn in such settings. The sequestration of Zn 
into framboids via biotic or abiotic processes is not fully understood, which presents 
difficulties for interpretation of Zn isotope values in sediments. In this work, we describe a 
novel type of framboid with mixed pyrite and zinc sulfide (sphalerite or wurtzite) 
microcrystals from meta-pelites of the Otago Schist, New Zealand. A combination of optical 
microscopy, scanning electron microscopy (SEM) and nanoscale secondary ion mass 
spectrometry (NanoSIMS) were utilized to assess the association between Zn, pyrite and 
organic matter in framboids. The distribution of Zn in framboids is variable. Most pyrite 
microcrystals include minor amounts of Zn. Trace Zn is also observed to co-locate with 
organic matter, which occurs on the boundaries of pyrite microcrystals. Finally, Zn is found 
as single zinc sulfide microcrystals or zinc sulfide rims around pyrite microcrystals within 
individual framboids. These textures have not been recorded before, to our knowledge. The 
sequence of events that sequesters Zn into framboids may affect Zn isotope fractionation 
from seawater to continental margin sediments.  
 
 
 
 
 
 
 
  
1. Introduction 
Framboids are spheroidal aggregates consisting of multiple microcrystals of sulfide 
minerals and are commonly observed in ancient sedimentary rocks and modern sediments 
(Love, 1971; MacLean et al., 2008; Gregory et al., 2015; Hu et al., 2016). The formation of 
framboids has been suggested to be abiotic or biotic (Berner, 1970; Wilkin and Barnes, 1997; 
MacLean et al., 2008). Laboratory syntheses of pyrite framboids have been extensively 
conducted, and have shown that framboids can be generated without the involvement of 
microbial activities, as summarized by Ohfuji and Rickard (2005). However, framboids 
observed in natural samples are often associated with organic matter (OMfr, defined as the 
organic matter in framboids), and this OMfr association has been taken to indicate that biotic 
processes contributed to the formation of framboids (Love, 1957; MacLean et al., 2008; 
Wacey et al., 2015). Organic matter has been observed to  envelop both individual pyrite 
microcrystals and the complete framboid in modern sediments (MacLean et al., 2008) and 
ancient sedimentary rock (Wacey et al., 2015), and it has also been demonstrated that the 
formation of framboids is associated with sulfate-reducing microorganism activities (Machel, 
2001; Schoonen, 2004). The degradation of microorganisms or microbial by-products results 
in the common occurrence of CMfr in the framboidal structure (e.g. Large et al., 2001).  
The term “framboids” is usually synonymous with the term “framboidal pyrite” in previous 
studies because the overwhelming majority of framboids are composed of pyrite 
microcrystals (e.g. Love, 1971; Berner et al., 2013; Gregory et al., 2015). However, in recent 
decades, other sulfides, such as cobaltite, chalcopyrite and sphalerite, have also been 
observed in framboids (Gregory et al., 2015; Hu et al., 2016), suggesting that framboids may 
also play a role in the cycling of elements other than Fe. Coupled variation of trace elements 
in framboids, such as Zn, Cu, Pb, Mo, Ni, Cd., have been taken to be indicative of various 
incorporation processes into the framboidal structure, and to provide valuable information 
  
regarding paleo-ocean environments (Berner et al., 2013; Gregory et al., 2014; Gregory et al., 
2017; Large et al., 2017). Amongst those trace elements, Zn has been linked with sulfate-
reducing microorganism activities. The precipitation of zinc sulfide (sphalerite or wurtzite) 
nanoparticle aggregates can be induced by sulfate-reducing bacteria (Labrenz et al., 2000; 
Moreau et al., 2004; Xu et al., 2016). Sphalerite framboids have been observed in peatlands 
(Yoon et al., 2012) and at a carbonate-hosted Zn-Pb deposit (Kucha et al., 2010). Co-location 
of sphalerite patches around 10 µm in size with OMfr in pyrite-dominated polyframboids was 
interpreted as a record of the incorporation of Zn into framboids via sulfate-reducing bacterial 
activities (Hu et al., 2016), providing new explanations for the presence of zinc sulfide micro-
inclusions in pyrite-rich framboids (Gregory et al., 2015). However, it has also been 
suggested that Zn substitutes into the pyrite structure via solid solution or precipitates as 
micro-inclusions without the involvement of microbial activity (Algeo and Maynard, 2004; 
Berner et al., 2013). Further examination of Zn occurrences in framboids, including the 
distribution of trace Zn, and the estimation of relevant biotic and abiotic contribution to the 
framboid formation, is essential to better understand the Zn sequestration processes. Such an 
understanding is vital if Zn is to be applied as a paleo-environment proxy (e.g. Tribovillard et 
al., 2006).   
    In addition, Zn is a widespread trace element and an essential micronutrient in the ocean 
(John and Conway, 2014; Conway and John, 2015). Recent studies have demonstrated that 
seawater preferentially concentrates heavy δ66Zn, while organic, trace element-rich 
continental margin sediments are sinks for light δ66Zn (Conway and John, 2014; Little et al., 
2014; Zhao et al., 2014; Little et al., 2016). Observations suggest that Zn isotope 
fractionation occurs during Zn fixation in those settings, the process of which is still 
controversial. Framboids are common in such sediments and are thought to be the major host 
for Zn and other trace elements in sediments (Large et al., 2014; Gregory et al., 2015; Hu et 
  
al., 2016). Hence, an understanding of the pathway via which Zn is assimilated into 
framboids is also necessary to provide insights for Zn isotope fractionation during sediment 
deposition. 
A wide variety of techniques have been previously applied to characterize framboids, such 
as scanning electron microscopy coupled with energy-dispersive X-ray spectroscopy (SEM-
EDS), electron  microprobe analysis (EPMA) and laser ablation inductively coupled plasma 
mass spectrometry (LA-ICP-MS) (Lowers et al., 2007; MacLean et al., 2008; Gregory et al., 
2015). Additionally, sulfur isotopes analysed with secondary ion mass spectrometry (SIMS) 
can help to confirm the source of sulfur in sulfides and the isotopes of sulfides of various 
morphologies has the potential to be linked to the formation pathways (Gomes et al. 2018). 
However, due to the small size (~ 1 µm) of individual microcrystals and different degrees of 
mixing of various types of microcrystals within framboids, these conventional techniques 
lack the spatial resolution necessary to provide detailed information on the micron scale 
crystal types described here. The analysis of sulfur isotopes in sphalerite is also challenging 
due to the orientation effects caused by the difference between crystal orientation of grains 
and the incident primary beam (Kozdon et al, 2010). Nanoscale secondary ion mass 
spectrometry (NanoSIMS) can determine the distribution of trace elements in situ with 
submicron resolution relatively quickly (Kilburn and Clode, 2013; Wacey et al., 2015). 
Additionally, NanoSIMS is able to map the distribution of nitrogen (N) and carbon (C), 
which are key elements involved in biological processes (Kilburn and Wacey, 2011) and 
present as trace in framboids from ancient sedimentary rocks. The low atomic number of N 
and C presents difficulties for conventional EDS or wavelength-dispersive X-ray 
spectroscopy (WDS) analysis (Wacey et al., 2015), but their distribution is a valuable 
indication of the location of OMfr that occurs as a precursor to framboids, and thus provides 
significant information on the role of bacteria in framboid growth.  
  
    In this study, we describe a novel type of pyrite-zinc sulfide mixed framboids composed of 
multiple equidimensional pyrite and zinc sulfide microcrystals from low metamorphic grade 
metasedimentary rock (prehnite-pumpellyite facies) of Otago Schist, New Zealand. A 
combination of optical microscopy, SEM and NanoSIMS was performed to characterize the 
framboids and determine the element distribution within framboids. The distribution of 
metals (ZnS, FeS) and OMfr (C, N) are compared to determine the spatial relationships 
between Zn, pyrite and OMfr, and constrain the processes via which Zn is incorporated into 
framboids.  
 
2. Geological Background and sampling 
    The Otago Schist is a Paleozoic to Mesozoic turbidite sequence comprising quartzo-
feldspathic psammite and pelites, deposited in a continental margin setting (MacKinnon, 
1983; Craw, 2002). These schists were metamorphosed during the collision of the Caples and 
Torlesse Terranes (Mortimer, 2000), and uplifted to form a symmetrical metamorphosed belt. 
The belt comprises a core zone of upper greenschist facies rocks flanked on either side by 
zones of progressively lower grade rocks (Fig. 1) (Mortimer, 1993; Mortimer, 2000). The 
metamorphic grade increases from prehnite-pumpellyite (P-P) facies on the margins, moving 
through pumpellyite-actinolite (P-A) facies to upper greenschist (G-S) facies within the core 
zone of the schist belt (Fig. 1). The rocks become progressively more recrystallized and 
foliated through this increase in metamorphic grade, and the schists in the core of the belt 
have been pervasively recrystallized with several generations of folding and foliation 
development (Mortimer, 1993). The P-P facies is dominated by meta-pelite and the primary 
minerals include pyrite-dominated framboids, quartz, albite, muscovite, chlorite, epidote, 
stilpnomelane, pumpellyite and prehnite. Framboids are a major host for trace elements in 
these rocks and have been suggested to be the source for Au and other trace metals in 
  
orogenic gold deposits in the Otago Schist (Pitcairn et al., 2006; Large et al., 2012; Hu et al., 
2016).  
    The sample (FF-16) from P-P facies rocks at Fiddlers Flat is a metapelite and was analysed 
after selection from around 40 samples collected in the field (Fig. 1). Details of the sampling 
locations have been described by Hu et al. (2015), and organic matter associations and their 
variation with metamorphic grade have been described in Hu et al. (2015) and Henne and 
Craw (2012).  
 
3. Methods 
    An aliquot of the sample was crushed into powder for bulk zinc concentration analysis in a 
tungsten carbide ring mill. Analyses were conducted by Intertek Genalysis Lab (Perth, 
Australia). Zinc content was obtained by preparing a fused disc of the sample, which was 
analysed by X-ray fluorescence (XRF) spectrometry. A second aliquot was cut from fresh 
rock sample, embedded in a one-inch resin mount and polished. Mineral assemblages were 
characterized by optical microscopy and framboids were further characterized with SEM-
EDS at the Department of Applied Geology, Curtin University (Perth, Australia) and 
Commonwealth Science and Industry Research Organisation (CSIRO) Mineral Resources 
(Perth, Australia). Ten polyframboids were examined with optical microscopy and SEM and 
key areas from three polyframboids were chosen for further NanoSIMS mapping. The chosen 
polyframboids comprise aggregates of individual microcrystals with few secondary sulfides, 
such as chalcopyrite and cobaltite, and are morphologically different to the polyframboids 
described and analysed by Hu et al. (2016).  
    NanoSIMS analysis was performed with a Cameca NanoSIMS 50 at the Centre for 
Microscopy, Characterization and Analysis (CMCA), at University of Western Australia. The 
mounts were coated with silver at high voltage for conductivity. Measurements were 
  
performed with a Cs
+
 primary beam, with a spot size of approximately 100 nm, an impact 
energy of 16 keV, and a beam current of approximately 2 pA. The instrument was operated in 
multicollector mode with simultaneous detection of 
12
C2
-
, 
12
C
14
N
-
, 
56
Fe
32
S
+
 and 
65
Zn
32
S
+
 from 
the same analysis region. It is noted that C in 
12
C2
-
 is the same as C in 
12
C
14
N
-
. Prior to 
imaging, a 500 pA primary Cs
+
 current of > 2 x 10
17
 ions/cm
2
 was used to presputter in order 
to remove surface contamination and implant Cs
+
 ions to reach a steady-state of ion emission. 
Secondary ion images were obtained by rastering the primary ion beam with areas of 8 x 8 – 
45 x 45 µm
2
, resolution of 256 x 256 pixels and dwell times of 45–250 ms per pixel. Note 
that Zn and Fe are measured as 
65
Zn
32
S and 
56
Fe
32
S respectively by NanoSIMS, so Zn and Fe 
mentioned in the following text refers to Zn and Fe bound to S.  
    The data were processed with OpenMIMS software developed by the National Resource 
for Imaging Mass Spectrometry, Harvard University. Counts of elements are positively 
correlated to the element concentrations. Counts of each element from each grain were 
extracted and normalized to their respective secondary electron (SE) counts to remove 
artefacts caused by topography. 
 
4. Results 
4.1 Geochemical analysis and petrographic observations  
    The bulk Zn content of this sample is 130 ppm, an intermediate between average Zn 
concentration in shale (90 ppm) and pelagic clay (170 ppm) (Li and Schoonmaker, 2013). 
     The term polyframboids here is used to describe composites of framboids and 
microcrystals. Polyframboids are common in FF-16, and occur together with quartz and clay 
minerals, such as muscovite and stilpnomelane; the sheet silicate minerals, especially 
stilpnomelane, show a preferred orientation and, are slightly aligned with the bedding and 
framboids are observed to be wrapped by the clay minerals (Fig. 2 & 3). The polyframboids 
  
are generally rounded, elliptical or irregular in shape, with size of up to 200 x 50 µm (Fig. 2). 
The size of single framboids ranges from ~10 to 30 µm in diameter. Mineralogically, the 
composition ranges from pyrite-dominated to a mix of pyrite (60%)-zinc sulfide (40%) (Fig. 
2). Pyrite and zinc sulfide microcrystals are equidimensional (Fig. 3). The microcrystals are 
distributed in an ordered fashion in some framboids, with hexagonal or pseudohexagonal 
symmetry (Fig. 3a), or, in other cases, present as apparently randomly distributed aggregates 
of crystals. Small framboids of less than 10 µm were most commonly well-organized with 
hexagonal symmetry (Fig. 3b). Single microcrystals within the framboids vary from euhedral 
cubic or octahedral to sub-rounded (Fig. 3b). The compositions of microcrystals, analysed 
with semi-quantitative EDS analysis, range from variably zinc-rich pyrite, or zinc sulfide 
with minor Fe. Given the small size of the crystals, it was not possible to distinguish between 
wurtzite and sphalerite, so the term zinc sulfide is used to cover both.   
 
4.2 NanoSIMS Observations 
4.2.1 Fe and Zn mapping     
    Four types of microcrystals with differing Fe and Zn concentrations were recognized 
within the framboids.  
Type 1: Pyrite microcrystals with homogeneous trace Zn 
    Pyrite, characterized by high counts of Fe (as 
56
Fe
32
S) and trace Zn (as 
65
Zn
32
S), is the 
dominant microcrystal type in pyrite-rich framboids (Fig. 4a). The distribution of trace Zn is 
homogeneous within grains. Individual microcrystals are sub-rounded with sizes of 1–2 µm. 
On an element profile across a microcrystal (from x to x’), Fe and Zn contents show similar 
trends (Fig. 4a). Normalized Zn counts were plotted against those for Fe, and display a 
positive correlation in these microcrystals.  
 
  
Type 2: Pyrite microcrystals with trace Zn concentrated on boundaries 
    Type 2 microcrystals are also characterized by high Fe and low Zn contents, and occur in 
pyrite-dominated framboids, but show octahedral morphology. In contrast to the 
homogeneous trace Zn distribution observed in the type 1 microcrystals, trace Zn has higher 
concentrations at the boundaries than inside the grain (Fig. 4b). On an element profile across 
a type 2 microcrystal (from x to x’), Zn counts are consistently low in the centre of the grain, 
and higher on the boundary where Fe counts are relatively low (Fig. 4b); however, Zn 
concentrations are not sufficiently high to interpret the Zn-rich region on the boundaries as 
zinc sulfide crystals.  
 
Type 3: Microcrystals with intergrown pyrite and zinc sulfide 
    Type 3 microcrystals are observed in pyrite-zinc sulfide mixed framboids (Fig. 5a). Plots 
of SE-normalized Zn against Fe reveal well-delineated groups of data with both high and low 
Zn/Fe ratios, which correspond to zinc sulfide and pyrite respectively (Fig. 5c). The 
microcrystals are rare and display an octahedral morphology with cores of pyrite and rims of 
zinc sulfide (Fig. 5b). The diameter of an entire type 3 microcrystal is around 1 µm, whereas 
that of the inner pyrite core varies from 0.06 to 0.6 µm.  
 
Type 4: Zinc sulfide microcrystals 
    Zinc sulfide also occurs as individual crystals distinguished by high Zn counts. The zinc 
sulfide microcrystals are otherwise similar to adjacent pyrite microcrystals (Fig. 5b) in that 
the two minerals have similar crystal shape and size (around 1 µm). There is no discernible 
pattern to the distribution of pyrite and zinc sulfide, so they are taken to be randomly 
distributed.  
 
  
4.2.2 Distribution of OMfr  
OMfr-pyrite relationships  
    Carbon-nitrogen (CN, as 
12
C
14
N) mapping reveals that CN is concentrated on the 
boundaries of pyrite microcrystals, in an annular zone (Fig. 6a). The CN index, defined as the 
ratio of counts of CN/ (CN+Fe+Zn), is used to represent, semi-quantitatively, the 
concentration of CN relative to that of other elements. A line profile through a type 2 
microcrystal shows high Fe with low Zn, CN and carbon (C2, as 
12
C2
-
) contents within the 
crystal. The concentrations of CN are higher on both boundaries than inside the grain, and the 
boundaries are associated with a high CN index. C2 follows a similar trend to CN, but the 
correlation between the two parameters is weak. Counts of Zn are generally low in the C- and 
CN-rich areas, but Zn counts are highest at one of the grain boundaries, co-located with a 
peak in CN concentration.  
 
OMfr -zinc sulfide relationships 
    Zinc sulfide (type 4 microcrystal) is characterized by high Zn and CN contents with minor 
Fe and C2 (Fig. 6b). On a profile across a type 4 microcrystal, Zn, Fe and CN have similar 
trends with wide, superimposed peaks (Fig. 6b). The concentration of Zn is high relative to 
that of Fe, but there is almost no Zn or Fe in the middle of the grain, in an area interpreted as 
a hole in the grain. The concentration of CN is relatively high across the grain, and the CN 
index is highest at the hole. The contents of Zn, Fe and CN are low on one side of the “hole” 
and high on the other side. Carbon counts are generally low with a small peak on the 
boundary.  
 
5. Discussion    
5.1 Zn and pyrite relationships  
  
The abundance of Zn in the framboids is highly variable with four distinct types of 
microcrystals. Trace zinc is distributed homogeneously in pyrite microcrystal as type 1 (Fig. 
4a), or concentrated at the boundaries of pyrite grains as type 2 (Fig. 4b). In types 3 and 4, 
pyrite microcrystals are intergrown with or co-exist with zinc sulfide microcrystals, 
respectively, within a single framboid (Fig. 5). The relative proportions of four types of 
microcrystals vary from different framboids with type 1 (60-70%) > type 4 (26-36%) > type 3 
(3%) > type 2 (1%). Type 2 and type 3 microcrystals are uncommon. Inclusion of zinc sulfide 
in pyrite framboids has been recorded by other researchers (e.g. Berner et al., 2013; Gregory 
et al., 2015). However, descriptions of the type 2, 3 and 4 microcrystals are, to the best of our 
knowledge, presented here for the first time. It is interesting to consider how Zn incorporation 
into sulfide, with or without a role of co-existing OMfr, was able to produce the complex 
variation in various microcrystals. Further, if there are multiple routes for Zn incorporation 
then there may be implications for the interpretation of Zn isotope data from sedimentary 
rocks. These issues are discussed further below. 
 
5.2 OMfr and sulfide associations 
   C2 and CN have similar distributions in profiles through pyrite and zinc sulfide 
microcrystals, but CN tends to have higher count rates than C2 (Fig. 6). CN, represented by 
12
C
14
N, indicates the co-occurrence of C and N. The two elements are important components 
of organic matter, which are produced via microbial activities (Braissant et al., 2007) and 
have been widely used as parameters for biosignatures in ancient rocks (e.g. Wacey et al., 
2015 and Kilburn and Wacey, 2011).   
    In this study, given that CN has higher count rates and therefore higher signal:noise than 
C2, CN was considered to represent OMfr, consistent with the strategy employed by other 
workers (Wacey et al., 2010; Wacey et al., 2015). The location of CN, concentrated on the 
  
boundaries of pyrite (Fig. 6a), is consistent with the observations in MacLean et al. (2008) 
and Wacey et al. (2015), who both recorded single pyrite microcrystals enclosed by OMfr, 
and proposed that pyrite grows within biofilms or an organic matrix as the result of bacterial 
activities. Zinc, concentrated at the boundaries of pyrite in type 2 microcrystal, co-locates 
with CN in some cases (Fig. 6a & b). This indicates that ZnS may be deposited in situ with 
the OMfr matrix, as discussed further below. 
  
5.3 Sequestration of Zn into sulfide in framboids 
   Most pyrite framboids found in natural samples are thought to be a consequence of sulfate 
reducing bacteria (SRB) activity, during which SRB use organic matter as an electron source 
to produce hydrogen sulfide, with which Fe
2+
 complexes to form mackinawite, and further 
transforms to greigite and pyrite (Donald and Southam, 1999; Machel, 2001; Schoonen, 2004; 
Picard et al., 2018). In addition to the OM evidence in this study, it is noted that the size and 
morphology of microcrystals in the studied framboids are similar to those biogenic sulfides 
observed in previous studies (e.g. MacLean et al., 2007; MacLean et al., 2008). Although the 
contribution of microorganism to the nucleation and morphology evolution of sulfides during 
the formation of framboids are still unknown (Picard et al., 2016), parameters such as size 
and morphology can be used as evidence for a biotic origin for framboids. This proposal is 
supported by a recent study which indicates that sulfate-reducing bacteria have significant 
impacts on the size and aggregation of mackinawite and greigite crystals in comparison with 
sulfides precipitated under abiotic conditions (Picard et al., 2018).  
   Zn hosted by pyrite framboids has been suggested to occur as solid solution in pyrite, with 
Zn substituting for Fe, or as zinc sulfide inclusions (Morse and Luther, 1999; Algeo and 
Maynard, 2004; Berner et al., 2013; Gregory et al., 2015). In Zn-rich environments, sphalerite 
is deposited as framboids within SRB-rich biofilms without the presence of other sulfides 
  
(Labrenz et al., 2000; Bawden et al., 2003; Labrenz and Banfield, 2004). Alternatives to Zn 
immobilization by SRB activity are precipitation of zinc sulfide directly from seawater 
without organic mediation, complexation of Zn with organic matter, such as humic acid 
(Jouvin et al., 2009) or sorption onto bacterial cell surfaces directly when Zn interacts with 
microorganisms (Eide, 2006; Kafantaris and Borrok, 2014), without any necessity for SRB. 
Unfortunately, due to technical limitations related to the primary beam used for NanoSIMS 
analysis, Zn without sulfur could not be measured, so the distribution of Zn co-located with 
OMfr without sulphur, is unknown. It has also been suggested that Zn occurs within the clay-
organic matter matrix, or in both pyrite and matrix in marine sedimentary rocks, with the 
distribution controlled by redox state and sulfur budgets during diagenesis (Large et al., 
2017). The Zn budget in the sample investigated in this study was documented by Hu et al. 
(2016), who showed that framboids host 90% of Zn. Turbiditic sedimentary rock such as 
those from which FF-16 are taken are common in the geological record. However, clay and 
organic matter in the matrix may play a more important role as the host for Zn in rocks from 
other settings.   
The co-location of zinc sulfide and OMfr observed in zinc sulfide framboids (Labrenz et al., 
2000; Moreau et al., 2004), and negative sulfur isotopes of sphalerite in such structures 
(Bawden et al., 2003) are consistent with the formation of zinc sulfide framboids via SRB 
activity with some involvement of OMfr. A previous study of a biofilm sample from an 
anaerobic environment revealed that zinc sulfide nanoparticles coat the surface of bacterial 
filaments while euhedral pyrite and pyrite framboids precipitate within the biofilm rather than 
nucleating on bacterial surfaces (MacLean et al., 2007). This spatial relationship indicates 
that zinc sulfide is likely to have more affinity to OMfr than pyrite and that it is deposited 
prior to pyrite in Zn-rich environment, consistent with previous results indicating that Zn
2+
 in 
seawater has faster water exchange reaction kinetics than Fe
2+
, causing zinc sulfide to be 
  
deposited prior to iron sulfide (Morse and Luther, 1999). Therefore, the co-location of ZnS 
(both as trace amounts and zinc sulfide) and OMfr observed in framboids of this study is 
consistent with SRB activity. The observed textures also suggest that OMfr may act as an 
intermediary that concentrates ZnS, while Fe is precipitated as iron sulfide microcrystals 
within the OM matrix of the framboid.  
    Metastable but kinetically favoured mackinawite often transforms to pyrite after 
precipitation (Donald and Southam, 1999). Similarly, sphalerite and wurtzite are precipitated 
together during SRB activity (Moreau et al., 2004; MacLean et al., 2007), but the polymorph 
present does not need to be specified to characterise the pathway of Zn incorporated into 
framboids.  
 
Conceptual Model 
    It has been suggested that the formation of pyrite in sediments is controlled by the supply 
of organic matter (defined as OMinflux), dissolved sulfate concentration and the availability of 
reactive Fe-rich minerals (Berner, 1970; Berner, 1984; Zhou et al., 2014). Redox and pH also 
play a role in sulfide stability (Rickard, 1970; Zhou et al., 2014). The rate of SRB activity is 
dominated by OMinflux and sulfate supply (Rickard, 2012). The four types of microcrystals 
observed in this study could therefore form in an evolving system subject to a complex 
interdependent variation of these parameters.  
   The conceptual model presented below is speculative, but forms the basis for hypotheses 
and further focussed study of the behaviour of Zn in framboids forming anoxic-sulfidic 
conditions. The model, illustrated in Fig. 7, begins with organic matter-rich sediments in a 
euxinic environment. Pores within the sediments below the redox interface contain an 
aqueous solution that had the composition of seawater when first trapped. Metals are sourced 
both from seawater and desorption from dead marine plankton in the organic component of 
  
the sediment (Brumsack, 2006). Redox, pH, sulfate and metal concentrations within the pore-
water evolve continuously as diagenesis and framboid formation proceeds. The system is 
envisaged as being almost closed, although some influx of externally derived fluids, such as 
fresh seawater, could occur. In such environments, OMinflux and sulfate are initially abundant 
and SRB activity rate is not limited by the supply of the reactants. Under these circumstances, 
the Zn:Fe ratio is the dominant parameter that determines the extent of Zn incorporation into 
framboids. When Zn:Fe is high in the porewater, zinc sulfide deposits directly on the 
bacterial cell wall during bacterial activity, aided by rapid kinetics of ZnS formation, to form 
type 4 zinc sulfide (Fig. 7). The bacterial cell degrades into OMfr later. Precipitation of zinc 
sulfide decreases the Zn:Fe ratio in the pore-water. When Zn in solution decreases to the 
point that zinc sulfide formation ceases or slows significantly, Zn may be deposited on OMfr 
directly, while pyrite or mackinawite is precipitated within the OMfr framework as type 2 
microcrystals. Precipitation of iron sulfides would increase the Zn:Fe ratio in the porewater to 
the point that ZnS precipitation rates could increase, so that ZnS formation after pyrite or 
mackinawite precipitation had begun could result in the formation of type 3 microcrystals 
where pyrite is enclosed by ZnS to form a single microcrystal.  
    Fluctuation in other parameters, such as sulfate concentration, redox state and pH could 
drive switches from ZnS precipitation to Zn sorption on OM and back again, since otherwise 
porewater solutions would simply reach equilibrium with ZnS. Pyrite or mackinawite 
precipitation at this point would include low concentrations of Zn via adsorption on the 
growth surfaces of pyrite or its precursor. This process would form the type 1 microcrystals 
(Morse and Arakaki, 1993).  
    It is also interesting to speculate if precipitation of the different microcrystal types is 
cyclical, or whether the sequence is progressive. It seems likely that Zn:Fe ratios fluctuate in 
response to sulfide precipitation, the sorption and deposition of metals from the OMinflux, and 
  
interactions with fluids external to the porewater system.  Further, the supply of hydrogen 
sulfide would also vary in response to changing activity of SRB. It is therefore possible that 
there could be repeated cycles of formation of the different types of microcrystal, and that the 
different types could form simultaneously in different parts of the framboids if equilibrium or 
diffusion lengthscales were sufficiently short. However, it should be noted that, while pyrite 
surrounded by zinc sulfide is common, the reverse is not seen. This observation could be 
taken as support for a unidirectional evolution of the system with time. An alternative 
explanation is that there may be features of the surface chemistry of pyrite or its precursor 
mackinawite that facilitated ZnS precipitation on Fe-sulfide, while the reverse may not have 
been true for ZnS. Alternatively, differences in the capacity of the precursor and final phases 
to form Zn-Fe solid solutions may play a role in the observed textures, but these are not well 
known and thus lie beyond the scope of this discussion. Further research is needed to 
distinguish between these possibilities.  
 
Effects of metamorphism  
    This sample has been metamorphosed to prehnite-pumpellyite facies so metamorphic 
modification of the textures post diagenesis must be accounted for in their interpretation. The 
presence of CN, rather than C alone, implies that the organic matrix is preserved (Fig. 6b), to 
some extent, at prehnite-pumpellyite facies. Further, the morphology of the framboids is 
identical to those in unmetamorphosed rocks (Ohfuji et al., 2005) and modern sediments 
(Wilkin et al., 1996). Framboid morphology changes readily with any recrystallization or 
compositional modifications (Sawlowicz, 1993; Large et al., 2009), so the absence of any 
evidence for such modification, and the textural relationship between the framboids and 
foliated sheet silicates in Fig. 2 & 3 are taken as evidence for a lack of metamorphic and 
hydrothermal alteration.  
  
Comparison with previous study in Hu et al. (2016)  
   Hu et al. (2016) noted some of the features recorded here, such as the co-location of zinc 
sulfide and OMfr, in rocks from the same location. In that work, a combination of SEM, 
Raman spectroscopy, synchrotron X-ray fluorescence microscopy and LA-ICP-MS was 
performed to characterize the polyframboids. Type 2, 3 and 4 microcrystals were not 
observed in that study, and the Zn concentrations in type 1 microcrystals were not described, 
because the spatial resolution and detection limit of the techniques used by Hu et al. (2016) 
were not sufficient to reveal the different types of microcrystal. The combined results from 
this study and that of Hu et al. (2016) suggest that co-location of zinc sulfide and OM makes 
a significant contribution to the Zn-sequestration process, but that multiple additional 
processes must also be considered if Zn sequestration is to be better understood.   
 
5.4 Implications for Zn isotope fractionation in continental margin sediments 
Recent studies show that organic trace element-rich continental margin sediments are sinks 
for light δ66Zn (as low as ~ -0.40 ‰), in contrast to heavy δ66Zn in seawater (~ +0.53 ‰) and 
other outputs (such as oxic sediments, δ66Zn ~ +1.0 ‰) (Little et al., 2014; Zhao et al., 2014; 
Little et al., 2016). Different fractionation factors are likely to pertain to fractionation of Zn 
between seawater and zinc sulfide, and between OM and zinc sulfide, so the proposed 
diversity of pathways for sequestration of Zn from seawater into framboids has implications 
for Zn isotope fractionation during the deposition of continental margin sediments. As 
framboids are the major host for Zn in rocks of the type studied here, sequestration of Zn 
from modified seawater in pores into framboids is the overall control on Zn isotope 
fractionation processes during sedimentation.  
    The observations presented in this study suggest that fixation of Zn in framboids is the 
result of a combination of three processes: (1) zinc sulfide precipitation during BSR activity 
  
(type 2, 3, 4); (2) assimilation of Zn absorbed onto OMfr (ZnS-OMfr association); and (3) 
direct incorporation into pyrite (type 1).  All of these processes will be associated with 
fractionation of Zn isotopes. For example, ZnS precipitated under microbially-mediated 
sulfate reducing conditions sequesters the lighter Zn isotope (∆ZnS-solution
 66
Zn ~ -0.27‰) 
(Jamieson-Hanes et al., 2017). For process 2, the complexation with humic acid is associated 
with a fractionation factor of ~ +0.24‰ for ∆humic acid-free ions 
66
Zn (Jouvin et al., 2009). 
Bacterial surface adsorption and intracellular incorporation has been noted to result in Zn 
isotope fractionation in a wide range (∆adsorbed-solution 
66
Zn ~ -0.2‰ to +0.5‰), depending on 
Zn:bacteria ratio and bacterial species (Kafantaris and Borrok, 2014). Zn isotopes are 
therefore likely to be fractionated during incorporation into OMfr during SRB activity, but 
this fractionation is likely to be a complex function of multiple factors, such as metal-organic 
binding efficiency and bacterial and metal speciation. The incorporation of Zn into pyrite 
(process 3) may induce isotope fractionation as well, but, again, little is known of the 
magnitude of this fractionation. In situ measurements of Zn isotope ratios in co-existing 
sulfides and OMfr were beyond the scope of this study, but are strongly recommended as a 
basis for a better understanding of diagenetic effects on Zn isotope fraction.  
 
6. Conclusions 
     The abundance of Zn is highly variable in framboids. NanoSIMS analysis revealed four 
types of microcrystals hosted by polyframboids in a sulphur-rich pelitic sample from the 
Otago Schist, including three types not previously described. Textures indicate that the Zn 
sequestration process is dominated by biotic processes coupled with minor abiotic processes. 
Pyrite microcrystals are characterized by high Fe concentrations and minor, homogeneously 
distributed, trace concentrations of Zn. Co-location of ZnS and OMfr occurs on the 
boundaries of pyrite microcrystals in some cases. Zn also occurs as zinc sulfide microcrystals 
  
within pyrite-dominated polyframboids; the zinc sulfide microcrystals have a similar crystal 
shape and size to the pyrite microcrystals, or occur as zinc sulfide rims around pyrite cores 
within single framboids. The different types of microcrystal in the framboids may be a record 
of cyclical variations in the mechanism of Zn incorporation into framboids as a consequence 
of sulfate reducing bacteria activity associated with evolving Zn/Fe ratios in a closed, or 
nearly closed, pore-water system. The variation in Zn incorporation pathway may help to 
explain observed variability in Zn isotope fractionation between seawater and continental 
margin sediments. However, better constraints on the extent of Zn isotope fractionation, and 
the conditions under which Zn combines with OM and sulfides, are required to quantify the 
extent to which changes in sequestration pathway affect the fractionation of Zn isotopes 
during sequestration into sediments.  
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Figure captions 
Fig. 1 Geological map of the Otago Schist modified from Hu et al.  (2015). The red rectangle 
on map is the sampling location.  
 
Fig. 2 SEM observations of polyframboids and the corresponding EDS elemental maps of Zn 
and Fe. (a, b) Polyframboids consisting of framboids with zinc sulfide-rich and zinc sulfide-
poor framboids; more detailed observation of framboids from box 1 and 2 are shown in Fig. 3; 
(c, d) Polyframboids with mixed framboids; (e, f) Pyrite-dominated framboids with few zinc 
sulfide microcrystals. NanoSIMS mapping areas were highlighted in yellow boxes.  
 
Fig. 3 Detailed SEM observations of: (a) mixed framboids; and (b) pyrite-dominated 
framboids from boxes 1 and 2 in Fig. 2. 
 
Fig. 4 The distributions of Fe (as 
56
Fe
32
S) and Zn (as 
65
Zn
32
S) on microcrystals. Linear 
element profiles were taken from x to x’ (from the center to the boundaries of grains). 
Element counts were normalized to secondary electron (SE) counts. (a) Pyrite microcrystals 
with almost homogeneous Zn (type 1). On the profile, both Fe and Zn contents show similar 
trends. Normalized Zn counts are positively correlated with those of Fe. (b) Pyrite 
microcrystals with Zn concentrated on the boundaries (circled with dashed lines) (type 2). On 
the profile, Zn has relatively low counts in the centre of the grain, but high counts on the 
boundary where Fe content is relatively low. The spike occurring at around 1500 nm prior to 
  
the increase of Zn counts is due to noise. Dashed lines on the profiles are used to indicate the 
boundaries of grains. 
 
Fig. 5 (a) The distributions of Fe (as 
56
Fe
32
S) and Zn (as 
65
Zn
32
S) in a single framboid 
depicted in Fig. 2c. (b) Enlarged image of part of (a). The microcrystal circled with the dotted 
line has a core of pyrite and a rim of zinc sulfide (type 3), and that with a dashed line is zinc 
sulfide (type 4). (c) Normalized counts of Fe and Zn are plotted against each other with zinc 
sulfide (ZnS) and pyrite (FeS) analyses plotting in distinctly different areas. 
 
Fig. 6 Distributions of CN (as 
12
C
14
N) and Fe (as 
56
Fe
32
S) in (a) pyrite microcrystals (in blue), 
and (b) pyrite (in blue) and zinc sulfide microcrystals (in green). Part (b) also shows the Zn 
(as 
65
Zn
32
S) distribution. For a pyrite grain (type 2) in (a) and a zinc sulfide grain (type 4) in 
(b), linear profiles were taken from x to x’ across the grains. The counts of elements (FeS, 
ZnS, CN and C2) were extracted and normalized to secondary electron (SE) counts, shown on 
the corresponding graphs. CN index is also shown. Dashed lines on the profiles are used to 
indicate the boundaries of grains in (a) and (b) and “hole” area in (b).  
 
Fig. 7 A general model of Zn sequestration processes in framboids, as an example of a single 
microcrystal. The detailed process has been discussed in the text. (Py: pyrite; BSR: bacterial 
sulfate reduction.) 
 
  
 
 
 
 
  
 
  
 
 
  
 
